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ABSTRACT: Redox ﬂow batteries (RFBs) are regarded a
promising technology for large-scale electricity energy storage to
realize eﬃcient utilization of intermittent renewable energy. Redox
-active materials are the most important components in the RFB
system because their physicochemical and electrochemical proper-
ties directly determine their battery performance and energy
storage cost. Designable, tunable, and potentially low-cost redox-
active organic compounds are promising alternatives to traditional
redox-active inorganic compounds for RFB applications. Herein,
the representative designs of redox-active molecules, recent
development of organic RFBs (ORFBs), and advantages/
disadvantages of diﬀerent ORFB are reviewed. Especially the
relationship between redox-active molecules’ physicochemical
properties and their battery performance is discussed with an emphasis on the side reactions that cause fading of
battery capacity. Finally, we provide an outlook on the development of high-performance ORFBs for practical energy
storage applications.
Worldwide economic growth drives increasing energydemand, while environmental challenges necessitatethe reduction of carbon emissions.1−3 Naturally, the
development of renewable energy sources, such as solar and
wind, has been more rapidly escalated in recent years than ever
before.1−3 The growth of electricity production from solar and
wind is around an average rate of 6.3% per year.4 Meanwhile,
between 2008 and 2015, the cost of wind power generation
decreased by 41%, the cost of rooftop solar photovoltaic (PV)
cells was reduced by 54%, and the cost for utility-scale PVs fell
by 64%.5 The scale of typical PVs is between 1 kW (small-scale
rooftop system) and 550 MW (Topaz Solar Farm, California,
USA), and that of typical wind turbines is between 2.5 and 7.5
MW. Clearly, the momentum toward renewable energy is
unalterable. However, it is estimated that >20% intermittent
renewable energy integration could endanger the stability of
the grid.2 With the increasing contribution of ﬂuctuating
renewable energy sources and distributed power generation to
electrical grids, advanced electricity energy storage technolo-
gies are urgently needed to overcome the temporal deviation in
energy production and consumption. Several energy storage
devices, such as secondary batteries (e.g., lead-acid, Li-ion, and
ﬂow batteries), ﬂywheels, and electrochemical supercapacitors
are available for electricity storage.1−3 Because of the
technological merits of high power input and output,
decoupled energy and power, scalability, and safety features,
redox ﬂow batteries (RFBs) are well suited for integration of
renewable energy and balancing the storage capacity of
electricity grids up to MW/MWh ranging from minutes to
days.2,3
The concept of RFBs was ﬁrst introduced by the National
Aeronautics and Space Administration (NASA) in the 1970s
employing Fe3+/2+ and Cr3+/2+ as redox-active couples in the
cathode and anode sides, respectively.6 Traditional RFBs
utilize inorganic compounds such as FeCl2, Zn halides, and
VOSO4 as redox-active materials.
7 Among numerous systems,
vanadium RFBs (VRFBs) represent state-of-the-art RFBs and
have received a great deal of commercialization eﬀorts.3,7,8
However, VRFBs are subjected to a number of technological
and economic challenges for widespread applications in
electrochemical energy storage (EES), including expensive
components (ca. $24/kg for V2O5 raw material and $500/m
2
for Naﬁon membranes), redox material crossover, side
reactions (hydrogen evolution in strong acidic conditions),
and corrosive electrolytes.7 The state-of-the-art VRFBs
(VRFB-Gen2) have an estimated system cost of $447/kWh,9
which is signiﬁcantly higher than the cost target for energy
storage set by the U.S. Department of Energy (DOE), $100/
kWh.10,11 To address the challenges encountered by the
existing inorganic RFBs, organic RFBs (ORFBs) employing
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sustainable and potentially inexpensive redox-active organic
molecules were proposed as the next generation of RFBs for
green energy storage.12−14 In addition to the general features
of traditional inorganic RFBs mentioned above, the ORFBs
have several outstanding advantages for large-scale EES: (1)
redox molecules consisting of earth-abundant elements are
sustainable and can be low-cost in large-scale production; (2)
they are synthetically tunable to gain foreseeable and desirable
battery performance; and (3) they can be systematically
studied using a suite of solution spectroscopies and computa-
tional simulations. In the past decade, signiﬁcant progress has
been made in the development of ORFBs, including versatile
designs of redox organic molecules and their electrolyte
materials, comprehensive electrochemical and physical−
organic studies, and computational modeling studies. Several
excellent reviews have summarized material choices and
battery performance of the organic RFBs.12−15 In this Review,
we focus on electrochemistry and physical−organic chemistry
of redox-active organic molecules in ORFBs, especially side
reactions causing irreversible battery capacity fading. We aim
to establish the relationship between the physicochemical
properties of redox-active organic and organometallic mole-
cules and their battery performance, which can provide
guidance to design more persistent ones for improved battery
performance.
Principle of RFBs and Physicochemical Properties of
Redox-Active Molecules and Electrolytes. Working Principle
of RFBs. A typical battery conﬁguration of RFBs is schemati-
cally shown in Figure 1A. A ﬂow battery consists of three major
components, two separated electrolyte reservoirs (parts 1 and
2), two peristaltic pumps (part 3), and an electrochemical cell
(parts 4−6). The electrochemical cell is constructed of two
electrolyte chambers that are isolated by a piece of ion
-conductive separator (part 6). Electrodes (porous carbon felt
or carbon paper, part 5) are connected to the current collectors
(part 4) and are submerged in redox-active electrolytes. Redox-
active molecules dissolved in liquid supporting electrolytes are
stored in the reservoirs in which redox-active electrolyte used
on the anode and cathode sides are called the “anolyte” and
“catholyte”, respectively. The anolyte and catholyte ﬂow
through the electrochemical cell simultaneously by the
pumps to proceed with electrochemical reactions. In the
charge process, energy is stored by the reduction of the anolyte
and oxidation of the catholyte; in the discharge process, the
stored energy is outputted by the reoxidation of the anolyte
and rereduction of the catholyte. During the charge/discharge
process, anions or cations of the supporting electrolyte or
counterions of redox-active species act as charge carriers to
cross through the separator to balance the charge of the
anolyte and catholyte. An ideal separator should have a high
ion conductivity for the charge carrier but prevent the
crossover of redox-active species. As the space for redox
materials storage (tanks) and the electrochemical reactions
(electrodes) is physically separated, the stored energy and
power of the RFB system are decoupled, making it highly
modular and ﬂexible to regulate energy and power generation.
Performance Parameters for RFBs. The battery performance
of an RFB can be evaluated by several parameters. First, battery
voltage is one of the most basic and important parameters for
EES devices as it stands for the highest driving force that a
battery can supply. The theoretical battery voltage is
determined by the redox potentials of the anolyte and
catholyte, but the actual open-circuit overpotential is also
aﬀected by the inner resistance of a ﬂow battery and the
electrochemical kinetics of redox-active materials (see Figure
1B). The theoretical capacity (abbreviated Cap) of an
electrolyte is deﬁned as the amount of charge (Ah) stored in
a given volume of electrolyte, as described in eq 1
C nCF nCCapacity ( ) /3600 26.8 (Ah/L)ap = = × (1)
where n is the number of electrons involved in a redox
reaction, C is the concentration of a redox-active material, and
F is Faraday’s constant. Then, the capacity of an electrolyte is
determined by the concentration and the number of electrons
of the redox-active molecules. Energy density is one of the
most important parameters for an EES device. The theoretical
energy density (abbreviated as Ed) of an RFB is calculated
using eq 2
E C VEnergy Density ( ) / (Wh/L)d ap vμ= (2)
where Cap is the smaller capacity of either the anolyte or
catholyte as deﬁned in eq 1, V is the battery voltage, and μv is
the volume factor and deﬁned as μv = 1 + Cap/Cap′, where Cap′
is the larger capacity of either the anolyte or catholyte. Thus,
the energy density of an RFB is concomitantly dictated by the
capacities and redox potential of the anolyte and catholyte.
Another important battery performance parameter of an RFB
Figure 1. (A) Graphic representation of diverse applications and cell components of RFBs. 1. Catholyte reservoir; 2. anolyte reservoir; 3.
pumps; 4. current collectors; 5. carbon electrodes; 6. separator. (B) Correlation diagram of physicochemical properties of electrolyte
materials and performance metrics of RFBs.
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is power density. The power density (abbreviated as Pd) stands
for power per unit area that the battery can supply. It is
calculated by eq 3
P I V SPower Density ( ) ( )/ (mW/cm )d
2= × (3)
where I is the discharge current, V is the output potential, and
S is the active surface area of an RFB, which is normally
determined as the eﬀective area of the separator. The factors
that aﬀect the power density are more complicated than those
of the capacity and energy density. The power density of an
RFB system is mainly aﬀected by the battery voltage,
conductivities of the electrolytes, separator, and electrodes,
and kinetics of redox reactions. Other operation factors such as
temperature, ﬂow rate, and ﬂow ﬁeld also aﬀect the power
density of an RFB.
Capacity utilization, Coulombic eﬃciency (CE), voltage
eﬃciency (VE), and energy eﬃciency (EE) are also important
parameters for RFBs. Capacity utilization is the ratio of the
practical capacity and theoretical capacity of an RFB at a given
testing condition. However, reporting capacity utilization and
actual capacity has not received enough attention in previous
studies in that many studies only reported theoretical
capacities. The capacity utilization is mainly aﬀected by battery
resistance, operational current densities, and the state of charge
(SOC). CE is the ratio of the electrons delivered in the
discharge process and the electrons consumed in the charge
process, which stands for the reversibility of the battery system.
Irreversible side reactions and crossover of redox-active
materials can lead to the loss of CE. VE is the ratio of the
average discharge voltage and the average charge voltage. EE is
the ratio between the outputted energy in a discharge process
and the stored energy in a charge process. VE and EE are
mainly aﬀected by battery resistance and operational current
densities. The battery resistance for an RFB is the sum of those
Figure 2. Structures and redox potential of representative electrolyte molecules used in NAORFBs (1− 10) and AORFBs (11−29). Catholyte
and anolyte molecules are represented in blue and orange, respectively.
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of individual cell components. Usually, a lower battery
resistance and smaller charge/discharge current densities
would deliver higher capacity utilization, VE, and EE.
Capacity retention of an RFB, which characterizes the
cycling lifetime, is traditionally expressed as either a total
capacity percentage retained after an extended cycling test or
an average retained capacity percentage per cycle. An
equivalent expression of capacity retention is a total capacity
loss percentage after an extended cycling test or an average
capacity loss percentage per cycle. Recently, a number of RFB
studies reported capacity retention as an average retained
capacity percentage per time.16,17 As evident from the
literature,16,17 capacity retention per cycle does not eﬀectively
reﬂect the chemical stability of redox-active species. For
example, fast charge of a small amount of electrolytes can
signiﬁcantly mask their side reactions and favor the value of
capacity retention per cycle. As discussed below, these battery
performance parameters fully or partly depend on the physical,
chemical, and electrochemical properties of the redox-active
electrolyte materials.
Physicochemical Properties of Redox-Active Molecules. Redox-
active materials are the most critical components for an RFB as
the battery performance is mainly determined by the
physicochemical properties of electrolyte materials. In the
past decade, a great deal of eﬀort has been made in developing
redox-active organic molecules for both aqueous and non-
aqueous RFBs applications. In this session, we discuss the
important physicochemical properties of redox-active organic
and organometallic molecules and their correlation with
battery performance, as highlighted in Figure 1B.
Solubility (C). Solubility is the highest concentration of a
redox molecule in a solvent or a supporting electrolyte, which
is proportional to the theoretical capacity and energy density of
an RFB and further aﬀects the installation cost of RFBs. It is
necessary and practically meaningful to report the solubility of
redox molecules in a supporting electrolyte under both charge
and discharge states because usually they have diﬀerent
solubility. However, most of reported studies reported only
the solubility of the discharged state, which can be misleading
regarding the actual charge capacity of a molecule as it is highly
possible that the charged state of a molecule has lower
solubility.18 Meanwhile, the solubility of electrolytes is highly
temperature-dependent; thus, it is necessary to report the
solubility together with the measuring temperature. Theoret-
ically, dissolution is a process that overcomes the solute−solute
interaction and solvation of a solute molecule.19 Thus, high
solubility can be obtained by strengthening the solute−solvent
interaction or weakening the solute−solute interactions. For
example, Wang et al. prepared a highly soluble ionic-derived
ferrocene compound, Fc1N112-TFSI (compound 1).20 Due to
the intensiﬁed solvent−ferrocene dynamic interactions through
the ionic pendant tetraalkylammonium arm, compound 1
displayed 20-fold higher solubility than the pristine ferrocene.
Introducing a poly(ethylene oxide) (PEO) chain is another
eﬃcient strategy to improve the solubility of organic
compounds. Using this strategy, Odom et al. synthesized
highly soluble phenothiazine derivatives, compounds 4 and
6.18,21 Compared with the original phenothiazine compound 3,
they are miscible with MeCN. The solubility of the charged
state of compound 6 is higher than 0.5 M under both radical
cation and dication states even in the presence of a supporting
electrolyte. Similarly, Zhang et al. prepared a series of catholyte
molecules by incorporation of PEO chains with diﬀerent
lengths on one or both sides of the dimethoxy-di-tert-butyl-
benzene-based redox structure (e.g., compound 7).22 The
functionality of highly hydrophilic groups, such as ammonium,
sulfonate, carboxylate, and phosphate groups, has been
employed as an eﬃcient strategy to improve the water
solubility of hydrophobic organic/organometallic compounds.
The water solubility of ferrocene can be improved to 4.0 M by
functionalizing with a pendant tetramethylammonium arm
(FcNCl, compound 11).23 It should be noted that counterions
can also have a large impact on the solubility of a molecule.
FcNCl (11) is highly soluble in water, but its iodide derivative,
FcNI, has a solubility less than 100 mM in water. Furthermore,
the TFSI derivative of FcNCl is nearly insoluble in water but
highly soluble in MeCN.24 Using the NH4
+ cation to replace
K+ or Na+ as counterions for ferrocyanide ([Fe(CN)6]
4−), the
solubility of (NH4)4[Fe(CN)6] is improved to 1.6 M, which is
more than double that of K4[Fe(CN)6] (0.76 M in water) and
Na4[Fe(CN)6] (0.56 M in water).
17
Number of Electrons (n). On the basis of eqs 1 and 2, the
capacity and energy density of RFBs have liner relationships
with the number of electrons involved in redox reactions.
Developing multielectron storage molecules is a possible
approach to achieve high capacity and energy density of
RFBs. Sanford et al. designed a series of two electron storage
acylpyridinium-based anolyte molecules by N-alkylation of the
single electron redox-active acylpyridine (compound 10, for
example).25 Methyl viologen (MV2+, compound 15) exhibited
two single-electron reduction events at −0.45 and −0.76 V (vs
NHE).26 However, only the reversible MV2+/•+ redox event
was utilized in aqueous RFBs due to the insolubility of the
charge-neutral MV0 state in aqueous solution.26 Liu et al.
reported the molecular engineering of viologen by function-
alization with hydrophilic substituents to obtain [(Me)(NPr)-
V]Cl3 (16) and [(NPr)2V]Cl4 (17) for two-electron storage,
achieving a lower reduction potential and a higher charge
capacity for RFB applications simultaneously.26
Redox Potential. The redox potential is one of the most
important electrochemical properties for redox-active mole-
cules that determine the battery voltage. It further aﬀects the
energy density and power density of an RFB. The combination
of a catholyte compound with a higher redox potential and an
anolyte compound with a lower redox potential is expected to
achieve a higher battery voltage. For organic and organo-
metallic molecules, their redox potential is governed by the
energy levels of their frontier HOMO (oxidation) and LUMO
(reduction) orbitals, which are highly tunable through
structural functionalization. The general trend is that adding
electron-donating groups or removing electron-withdrawing
groups leads to negative shift of the redox potential. In
contrast, adding electron-withdrawing groups or removing
electron-donating groups leads to a positive shift of the redox
potential. For example, by introducing electron-donating
hydroxyl groups and removing or changing the site of the
electron-withdrawing sulfonic acid groups, the redox potentials
Redox-active materials are the most
critical components for an RFB as the
battery performance is mainly deter-
mined by the physicochemical proper-
ties of electrolyte materials.
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of anthraquinone derivatives (compounds 25−28 and Figure
3A) are shifted from +0.21 to +0.02 V vs SHE.28
The redox potential of the organic molecules can also be
aﬀected by the solution environment, such as the pH value and
supporting electrolytes. For example, the redox potential of
quinone compounds such as 25 shifted from +0.21 to −0.3 V
as the pH increased from 0 to 11 because of proton-coupled
electron transfer (PCET) reactions, as mapped out in its
Pourbaix diagram (Figure 3B).28 In the nonaqueous solution,
both redox waves of compound 10 shifted to less negative
when using supporting electrolytes with a stronger Lewis acid
cation (Figure 3C).29
Stability. The chemical and electrochemical stability of
redox-active molecules directly determines the cycling lifetime
of RFBs and further aﬀects the cost of EES.30 Thus, designing
highly stable redox-active compounds is the most challenging
but foremost important tasks in developing ORFBs. For
practical RFB applications, both discharged and charged states
of redox molecules must be stable at high concentrations (≥0.5
M) in a supporting electrolyte at a certain temperature range
(recommended from −30 to 50 °C). Physical−organic
chemistry plays an essential role in understanding the
degradation mechanism of a redox-active molecule and
designing better ones. Extension of the delocalization of
charge in N-ethylphenothiazine (compound 3) with electron-
donating methoxy groups can eﬀectively stabilize the
DMeOEPT (compound 5) dication.31 Incorporating bicyclic
substitutions and PEO chains into the dialkoxybenzenes to
suppress parasitic radical reactions, Zhang et al. developed a
novel catholyte molecule, BODMA (compound 8), which
exhibited improved solubility and superior chemical stability in
the charged state compared to other derivatives.22 Liu et al.
applied the “π-conjugated extension” strategy to stabilize the
two-electron reduced viologen compounds. Compared with
the viologen compound 17, the “extended viologen” (18)
delivered signiﬁcantly improved stability in a two-electron
storage battery cycling process.32 Sanford et al. screened a
series of acylpyridinium-based anolyte redox molecules.25 With
the protection of a perpendicular xylyl substituent, homocou-
pling of two pyridine radicals at C2 and C5 positions was
suppressed.25 Then, compound 10 was obtained as the most
stable molecule in these molecules in a nonaqueous electrolyte.
Electrochemical Kinetics. There are two fundamental
parameters to characterize the electrochemical kinetics of
redox-active molecules: the diﬀusion coeﬃcient (D) and
electron transfer rate constant (k0).33 The diﬀusion coeﬃcient
(D) describes the mass transport of a redox-active species from
the bulk solution to the electrode surface. The electron transfer
rate constant (k0) deﬁnes the charge transfer reaction of a
redox-active species at the electrode surface. Diﬀusion and
charge transfer properties of a redox-active molecule are
correlated with the mass transport overpotential (or mass
transport resistance) and charge transfer overpotential (or
charge transfer resistance) observed in a ﬂow battery,
respectively. Larger D and k0 will result in smaller mass
transport and charge transfer overpotential. The literature has
shown that organic molecules have a larger D and k0 than
Figure 3. (A) CV curves of compounds 25−28 (adapted with permission from Wiley).27 (B) Pourbaix diagram (E0 vs pH) of 25 (adapted
with permission from Springer Nature).28 (C) CV curves of compound 10 in the presence of diﬀerent supporting electrolytes (adapted with
permission from the American Chemical Society).29
Physical−organic chemistry plays an
essential role in understanding the
degradation mechanism of a redox-
active molecule and designing better
ones.
ACS Energy Letters Review
DOI: 10.1021/acsenergylett.9b01332
ACS Energy Lett. 2019, 4, 2220−2240
2224
simple inorganic compounds. Electrochemical kinetic studies
can provide fundamental information on how the molecular
structure of redox-active species, supporting electrolytes,
electrode materials, and temperature aﬀect battery perform-
ance.
Mass transport in solution is mainly aﬀected by the size and
shape of molecules, the supporting electrolyte (viscosity), and
the temperature. The Levich equation (eq 4) and Cottrell
equation (eq 5) are commonly applied for the measurement of
the diﬀusion coeﬃcient (D)33
i nFAC D(0.620) 0
2/3 1/2 1/6ω υ= − (4)
where i is the limiting current density from rotation disk
electrode (RDE) tests, A is the area of the RDE, n is the
number of electrons of a redox reaction, F is 96485 C/mol, C0
is the concentration of an analyte, D is the diﬀusion coeﬃcient,
ω is the angular rotation rate of an RDE electrode, and υ is the
kinematic viscosity.
i nFAC D t/( )0
1/2 1/2π= (5)
where n, F, A, C0, and D are deﬁned in eq 4, i is the current,
and t is the time (s).
Mass transport can be accelerated by enhancing the ﬂow rate
of electrolytes in an RFB, and thus, the mass transport
overpotential can be minimized. The electron transfer rate
constant k0 is aﬀected by the structural nature of redox-active
species, electrode materials, supporting electrolyte (including
electrolyte salts and solvent), and temperature. For slow
kinetic (k0 < 0.02 cm/s) where a redox reaction is not
electrochemically reversible, k0 can be calculated by
Koutecky−́Levich and Tafel equations (eq 6) based on the
linear scan voltammogram (LSV) curves collected by an
RDE.33
i nFAC ko 0
0= (6)
where n, F, A, and C0 are deﬁned above and i0 is the exchange
current.
For fast kinetics (k0 > 0.02 cm/s), the accurate
determination of k0 can be more complicated by involving
the electrochemical measurement using a microelectrode and
digital simulations. More conveniently, fast k0(>0.02 cm/s) can
be calculated using Nicholson’s method based on the
peak(Epc) − peak(Epa) separation, ΔEp, of CV curves (eqs 7
and 8).34 However, for ΔEp< 61 mV, Nicholson’s method can
only estimate a lower-bound value using Ψ = 2034
E E( 0.6288 0.0021 )/(1 0.017 )p pΨ = − + Δ − Δ (7)
k DnF RT v/0 1/2 1/2πΨ = [ ]− − (8)
where F, D, and n are deﬁned above and v represents the scan
rate.
It should be reminded that if one applies Koutecky−́Levich
and Tafel equations to determine a rate constant for a fast
redox reaction then it may signiﬁcantly underestimate k0. For
example, k0 of the ﬁrst redox event of methyl viologen (MV,
15) was calculated as 0.022 cm/s using the Koutecky−́Levich
equation;35 however, it was determined as 0.35 cm/s by
Nicholson’s method.26
Membrane Permeability. The crossover of redox-active
species through a membrane can lead to CE loss and
irreversible capacity decay. Thus, besides the chemical and
electrochemical stability of redox-active molecules, their
membrane permeability is another important factor that
determines the cycling lifetime of RFBs. In aqueous ﬂow
batteries, ion-exchange membranes that selectively mediate
cations or anions of supporting electrolytes are commonly used
to avoid the crossover of redox-active species. In terms of
molecular design, introducing charged groups into redox-active
scaﬀolds can eﬃciently improve the selectivity of the
membrane and minimize the crossover of redox-active
molecules. For example, Schubert et al. developed a positively
charged TEMPO compound NMe-TEMPO, compound 13, as a
cathode molecule.38 Compared with the charge-neutral 4-HO-
TEMPO, compound 12, which can cross over an anion
exchange membrane, the corresponding battery stability using
NMe-TEMPO as the catholyte was signiﬁcantly improved.35
Another strategy to avoid the redox molecule’s crossover is to
increase the molecular size. For example, Schubert et al.
synthesized TEMPO-based (14) and viologen-based (20)
polymers for aqueous ORFB application.39 Using a porous
cellulose-based dialysis membrane, the battery delivered good
stability without apparent crossover.39 Recently, the Helms and
Sanford groups developed dimeric, trimeric, and oligomeric
redox-active molecules speciﬁcally tailored for pairing with
size-exclusion membranes composed of polymers of intrinsic
microporosity, PIM-1 membrane (Figure 4).36,37 Beneﬁting
from the highly eﬀective size exclusion, the redox-active
oligomers displayed up to 100 000 times slower diﬀusion than
the monomer through the PIM-1 membrane.
Conductivity. The conductivity of a redox-active electrolyte
is an important physical parameter that signiﬁcantly aﬀects the
battery performance including the open-circuit voltage (OCV),
EE, capacity utilization, and power density. A low conductivity
of a redox-active electrolyte leads to a high inner Ohmic
resistance; thus, the output voltage, EE, and power density of
RFBs are subject to loss. Charge-neutral organic molecules
usually lead to decreasing conductivity of a supporting
electrolyte due to the decreased polarity and increased
viscosity of solution. In contrast, redox-active molecules
functionalized with negatively or positively charged groups
Figure 4. Schematic representation of the operation of a
microporous membrane in a ﬂow battery using redox-active
oligomers: (A) dimer, (B) trimer, (adapted with permission from
Wiley),36 and (C) linear oligomers (adapted with permission from
the American Chemical Society).37
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will have higher conductivities after dissolving into the same
supporting electrolyte than charge-neutral molecules. For
example, in 2.0 M NaCl, the cationic viologen, MVCl2 (15,
0.5 M, 159.8 mS/cm), and (NPr)2VCl4 (17, 0.5 M, 146.8 mS/
cm),26 possess higher conductivities than charge-neutral
(SPr)2V (19, 0.5 M, 101.7 mS/cm).
40 One can use a high-
concentration supporting electrolyte to enhance the con-
ductivity of the corresponding redox-active electrolyte.
However, it needs to keep in mind that a higher concentration
of a supporting electrolyte will decrease the solubility of redox-
active molecules and thus the battery capacity. Depending on
the operation priority of the energy density or power density, it
is necessary to make a good balance between the conductivity
and capacity of a redox-active electrolyte.
Cost. Cost is one of the most important considerations for
practical application of an RFB system.41 Due to the use of
expensive vanadium materials, high cost is the main
disadvantage of traditional all-vanadium redox ﬂow batteries
(VRFBs).7 In contrast, organic redox-active materials contain
earth-abundant atoms, such as carbon, nitrogen, sulfur,
hydrogen, and oxygen, and can be sustainable and inex-
pensively manufactured on large scales. In the discovery of
redox-active molecules, the price of raw chemicals and
solvents, synthesis routes, reaction conditions, and chemical
waste treatment need to be comprehensively considered.
Moreover, the material cost of individual cell components is
also an important aspect to emphasize in the development of
practical RFB technologies. There were a few eﬀorts made to
estimate the cost of RFBs, but cost estimation has not been
extensively applied to reported ORFB chemistries.9,35,42
Classif ication of ORFBs. In the past decades, diﬀerent types
of ORFBs were developed for EES demonstration. On the
basis of the solvent used in electrolytes, ORFBs can be divided
as aqueous ORFBs (AORFBs), nonaqueous ORFBs
(NAORFBs), and hybrid aqueous/nonaqueous RFBs
(HORFBs) (Figure 5). AORFBs can be further divided into
acidic, neutral, and alkaline AORFBs based on the pH value of
electrolytes. NAORFBs can be divided into all-organic, hybrid
organic−metal, and redox-targeting ﬂow batteries based on the
nature of the redox materials. HORFBs will not be discussed as
they need to be further demonstrated for performance
viability.43 In this section, we discuss the advantages and
challenges of each class of ORFBs. Through representative
examples, we will discuss how the physicochemical properties
of redox-active molecules aﬀect the cycling performance of
ORFBs. Particularly, we will emphasize possible degradation
mechanisms of redox molecules and further discuss how
molecular engineering that is driven by mechanistic under-
standings improves their chemical and electrochemical stability
to boost their battery performance.
Chemistries of AORFBs. In addition to tunability and
sustainability, AORFBs reserve technological merits of
AIRFBs: (1) utilization of nonﬂammable aqueous electrolytes
oﬀers safety beneﬁts; (2) aqueous electrolytes consisting of
water and simple inorganic supporting electrolytes such as
HCl, NaCl, and KOH are inexpensive; and (3) high
conductivity of aqueous electrolytes and well-developed
selective ion-conductive membranes for aqueous electrolytes
lead to a low area-speciﬁc resistance of an RFB, which allows
high current and power operation while achieving high energy
eﬃciencies. With these advantages, AORFBs are believed to be
the most promising systems among diﬀerent ORFB designs for
low-cost, safe, large-scale EES. In the past years, signiﬁcant
progress has been made in the emerging AORFB technology,
such as high-power acidic28,44 and alkaline AORFBs45−49 and
h i g h - v o l t a g e , s t a b l e , b e n i g n n e u t r a l
AORFBs.16,17,23,26,35,38−40,50−52
pH Neutral AORFBs. Beneﬁting from the use of non-
corrosive and nonﬂammable pH-neutral aqueous electrolytes
with inexpensive simple inorganic salts (e.g., NaCl) as
supporting electrolytes, neutral AORFBs oﬀer safety advan-
tages, low cost, and environmentally benign beneﬁts.23,26
Additionally, the neutral pH electrolytes can eﬀectively
mitigate undesired side reactions such as hydrogen evolution
(occurring at acidic conditions), oxygen evolution (taking
place at alkaline conditions), and acid or base involved or
catalyzed chemical degradation of redox-active materials, which
are typically observed in acidic and alkaline AORFBs. Thus,
pH-neutral AORFBs have demonstrated the most stable
cycling performance so far.16,17,23,50
The ﬁrst totally organic pH-neutral AORFBs were
independently reported by Schubert et al.39 and Liu et al.35
in 2015. In the work reported by Schubert et al., soluble
viologen (20) and TEMPO (14) based polymers were used as
the anolyte and catholyte, which has not been further
developed most likely due to synthesis challenges.39 Liu et
al. employed single molecules, speciﬁcally, MV (compound
15) and 4-HO-TEMPO (compound 12) as the anolyte and
catholyte, respectively, using a Cl− anion exchange mechanism
(Figure 6A),35 which has led to systemic structural modulation
for improved battery performance, as discussed below. It is
interesting to note that both viologen/TEMPO AORFBs
delivered comparable performance at 0.5 M. Compound 15
displayed a solubility up to 3.0 M in water with a redoxFigure 5. Classiﬁcation of ORFBs.
With these advantages, AORFBs are
believed to be the most promising
systems among diﬀerent ORFB designs
for low-cost, safe, large-scale EES.
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potential at −0.45 V (vs NHE) for the reversible MV2+/•+
redox couple. With a hydrophilic −OH group at the para
position, compound 12 exhibited an appreciable solubility, ca.
2.1 M in water, with a fairly high oxidation potential at +0.80 V
(vs NHE) assigned to the single-electron redox couple of
nitroxyl radical/oxoammonium. The MV/4-HO-TEMPO
combination delivered a 1.25 V cell voltage. Using a Selemion
AMV anion-exchange membrane, a 0.1 M MV/4-HO-TEMPO
AORFB was operated under high current densities ranging
from 20 to 100 mA cm2, which delivered EE up to 83% (under
20 mA/cm2) with 100 stable charge/discharge cycles and
nearly 100% CE (under 40 mA/cm2). Further increasing the
concentration of electrolytes to 0.5 M, improved EE and
capacity utilization were observed due to the improved
conductivities of electrolytes. However, the cycling stability
was signiﬁcantly decreased mainly due to the crossover of
charge-neutral 4-HO-TEMPO. To avoid the crossover of
compound 12, Schubert et al. functionalized TEMPO with a
cationic trimethylammonium group to obtain a more robust
NMe-TEMPO, 13.38 The introduction of a hydrophilic
ammonium group not only improved the solubility of the
TEMPO compounds, for example, 3.2 M in a 0.3 M NaCl
solution, but also positively shifted the redox potential by 0.15
V due to the electron-withdrawing eﬀect of the trimethylam-
monium group. More importantly, the positive charge of
compound 13 reduced its permeability compared to 4-HO-
TEMPO in the anion exchange membrane, which signiﬁcantly
improved the cycling performance of the battery.
TEMPO compounds were reported as eﬃcient catalysts for
electrocatalytic alcohol oxidation.53 The hydroxyl group of
compound 12 could be oxidized to ketone through a PCET
process by the charged state of compound 12 (oxoammo-
nium). Simultaneously, the nitroxyl radical was reduced to
non-redox-active hydroxylamine (Figure 7A). The self-
catalyzed alcohol oxidation of the neutral nitroxyl radical
compound 12 was a possible side reaction in the MV/4-HO-
TEMPO AORFB.35 The literature also reported the
disproportionation of TEMPO radicals to oxoammonium
and a nitroxyl anion with an equilibrium constant of Kdisp =
10−7; the latter was further protonated to non-redox-active
hydroxylamine with an equilibrium constant of Kprot = 10
9 M−1
(Figure 7C).54 The dimerization between hydroxylamine and
the TEMPO free radical with an equilibrium constant of Kdim =
103 M−1 could further shift the disproportionation of TEMPO
radicals forward.54 It is possible that charge-bearing or steric-
hindering groups will stabilize TEMPO molecules by
minimizing the bimolecular interaction. Additionally, the
intramolecular proton transfer ring-opening reaction of a
nitroxyl anion in an acidic environment and the deprotonation
ring-opening reaction of an oxoammonium cation in basic
conditions were also reported as possible degradation pathways
of TEMPO compounds (Figure 7B).55,56 Thus, future designs
of TEMPO catholyte molecules should consider how to avoid
these side reactions.
To overcome the crossover and low solubility issues of 4-
HO-TEMPO, Liu et al. developed ammonium-functionalized
highly water-soluble ferrocene molecules as catholytes, e.g.,
(ferrocenylmethyl)trimethylammonium chloride (FcNCl,
compound 11 in Figure 2) and N1-ferrocenylmethyl-
Figure 6. (A) Schematic representation of viologen/TEMPO anion exchange AORFBs and illustrations of discharged and charged states of
the viologen anolyte and TEMPO catholyte and cell reactions. (B) Overview of viologen/TEMPO AORFBs reported to date (adapted with
permission from the Royal Chemical Society).50
Figure 7. Possible side reaction of the TEMPO compounds: (A)
TEMPO-catalyzed alcohol oxidation, (B) ring cleavage degrada-
tion of TEMPO compounds, and (C) disproportionation−
dimerization of TEMPO.
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N1,N1,N2,N2,N2-pentamethylpropane-1,2-diaminium dibro-
mide, (FcN2Br2).
23 FcNCl displays extremely high solubility,
4.0 M in H2O, 107.2 Ah/L, and 3.0 M in 2.0 NaCl, 80.4 Ah/L,
and represents the catholyte molecule with the highest charge
capacity. Compared to the pristine ferrocene (insoluble in
water, 0.4 V vs NHE), FcNCl with the hydrophilic and
electron-withdrawing ammonium group not only exhibits
much higher solubility in aqueous solutions but also possesses
a more positive redox potential at 0.61 V vs NHE. A 0.5 M
MV/FcNCl AORFB (1.01 V cell voltage) demonstrated
excellent cycling performance from 40 to 100 mA/cm2 with
an EE of up to 72% at 40 mA/cm2. The battery exhibited an
impressive cycling stability for 700 cycles at 60 mA/cm2 with a
total capacity retention of 90% or 99.99% per cycle (Figure
8A).
There are two possible degradation routes for ferrocenium
molecules even though ferrocene molecules are known to be
chemically robust. Favratto et al. reported the oxygen
decomposition of ferrocenium (Fc+) in 1998.57 As shown in
Figure 9A, in the ﬁrst step, two ferroceniums react with an
oxygen molecule to generate an unstable dimeric complex with
an −O−O− bridge. Then, this dimer complex further reacts
with oxygen and water and decomposes to form an Fe3+ ion,
Fe3+oxide, cyclopendiene, and Cp peroxide. Thus, it is
important to exclude O2 from battery tests. The decomposition
of ferrocenium by nucleophilic reagents through an irreversible
ligand exchange reaction in organic solutions was also reported
by Kortbeek in 1972.58 Because the ligand exchange reaction
was coupled to a set of irreversible reduction reactions and Cp
radical transformations, ferrocenium could be decomposed by
weak donors such as Cl−, Br−, and OH− (Figure 9B). In the
case of compounds 1 and 11, a Cp ligand was functionalized
with an electron-withdrawing ammonium group, which would
weaken the coordination of the Cp ligand to the Fe3+ center
and result in the ligand exchange reaction. Meanwhile,
ferrocene compounds are susceptible to strong acids and
bases due to the protonation of the Cp ligand under acidic
conditions and hydrolysis of Fe2+ or Fe3+ under basic
conditions.
Figure 8. (A) Battery reaction and cycling performance of the AORFB based on compounds 11 (catholyte) and 15 (anolyte) (adapted with
permission from the American Chemical Society).23 (B) Battery reaction and cycling performance of the AORFB based on compounds
BTMAP-Fc (catholyte) and [(NPr)2V]
4+ (17, anolyte) (adapted with permission from the American Chemical Society).16 (C) Half-cell
reactions and cycling performance of the two-electron storage battery based on compounds 11 (catholyte) and 16 (anolyte) (adapted with
permission from Elsevier).26 (D) Half-cell reactions and cycling performance of highly stable AORFB based on compound 19 (anolyte) and
(NH4)4[Fe(CN)6] (catholyte)
Figure 9. Possible side reactions of ferrocenium compounds: (A)
oxygen oxidative degradation of ferrocenium; (B) ligand exchange
pathway of ferrocenium degradation.
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In terms of the anode side, viologen molecules are highly
attractive due to their high solubility in water, low cost, feasible
synthetic tunability through N-alkylation, fast electrochemical
kinetics, and excellent chemical stability under pH-neutral
conditions.35 In fact, viologen molecules can undergo two
reductions, i.e., [MV]2+/+ and [MV]+/0 redox couples in the
case of [MV]2+.26 However, only the ﬁrst [MV]2+/+ redox
couple was initially utilized for energy storage because the
second redox couple is not electrochemically reversible due to
the insolubility of the charge-neutral [MV]0 in an aqueous
solution.26 In order to unlock the second electron storage
capacity, Liu et al. designed viologen molecules with pendant
propyl ammonium groups, [(NPr)MeV]Cl3 (16) and
[(NPr)2V]X4 (X = Br or Cl, 17).
26 The pendant ammonium
groups enable the reversible second electron reduction of
[(NPr)MeV]3+ and [(NPr)2V]
4+, which is not accessible by
the simple MV2+. When paired with FcNCl (11), AORFBs of
[(NPr)MeV]3+ and [(NPr)2V]
4+ achieve battery voltages of up
to 1.39 V and theoretical energy densities of up to 75.9 Wh/L.
These AORFBs deliver good cycling stability up to 99.99% per
cycle and impressive power densities of up to 130 mW/cm2
even at pH-neutral conditions (Figure 8C). It is worth noting
that these compounds are rare examples of two electron
storage anode materials under pH-neutral conditions.
Aziz et al. independently reported the synthesis and ﬂow
battery application of [(NPr)2V]Cl4.
16 When coupled with a
water-soluble ferrocene molecule, BMMAP-Fc (Figure 8B),
the ﬂow battery delivered very stable cycling stability,
99.9989% per cycle for 500 cycles. It should be noted that
the reported stability was obtained using two-stage charge/
discharge processes. First a galvanostatic process was used to
gain a major battery capacity of ca. 7.0 Ah/L, and then, a
constant potential hold charge/discharge process was applied
to gain an additional ca. 1.0 Ah/L to overcome the capacity
loss caused by the increased membrane resistance.
Liu et al. studied the stability of [MV]Cl2 and [(NPr)2V]Cl4
using UV−vis spectroscopic and battery studies.50 UV−vis
spectroscopic studies provided direct experimental evidence of
the improved radical stability of [(NPr)2V]
3+• over [MV]+•,
suggesting that additional positively charged functional groups
can stabilize the radical state. Combining [(NPr)2V]Cl4 with
NMe-TEMPO, the newly designed (NPr)2V/N
Me-TEMPO
AORFB delivered signiﬁcantly improved cycling stability,
speciﬁcally, retaining 97.48% total capacity after 500 cycles,
corresponding to 99.995% capacity retention per cycle (Figure
6B).50 Under the same testing conditions, the MV/NMe-
TEMPO AORFB retained only 91.21% of the total capacity
after 500 cycles, corresponding to 99.982% capacity retention
per cycle. It was previously reported that the charged state of
viologen molecules, [Vio]+•, can undergo a bimolecular
process to form a dimer called the viologen pimer (Figure
10A).59 The dimerization is believed to cause capacity fading
in MV-based AORFBs.50 The pendant charged groups of
[(NPr)2V]Cl4 can mitigate the dimerization of the viologen
radical and lead to the observed stable battery cycling
performance (Figure 10A). In addition, with additional
pendant ammonium groups, [(NPr)2V]Cl4 showed much
lower permeability (6.7 × 10−10 cm2 s−1) in a Selemion DSV
anion exchange membrane than MVCl2 (3.4 × 10
−9 cm2 s−1),
which is also beneﬁcial for the stability of AORFBs.16
Similar to [(NPr)2V]Cl4, bis-sulfonate-functionalized viol-
ogen, (SPr)2V (19), also delivered excellent cycling stability in
AORFBs.17,40 Due to the negatively charged pendant sulfonate
groups, the overall neutral-charged (SPr)2V is compatible with
the cation-exchange membrane. Liu et al. paired it with low-
cost inorganic I−,40 Br−,51 and [Fe(CN)6]
4−17 catholytes for
pH-neutral AORFBs, which employ a cation charge exchange
mechanism, diﬀerent from other reported anion exchange
viologen AORFBs. As shown in Figure 8D, a symmetric pH-
neutral AORFB using a mixed electrolyte of 0.9 M (SPr)2V
and 0.9 M (NH4)4[Fe(CN)6] (24.1 Ah/L) delivered nearly no
capacity decay for 1000 cycles (1100 h testing duration),
representing the most stable AORFB known to date, whose
chemical stability was conﬁrmed by postcell 1H NMR, UV−
vis, and CV studies.17 The (SPr)2V/Br
− AORFB reported by
the same group was operated at up to 1.5 M concentration and
an energy density of up to 30.4 Wh/L. This battery delivered
up to 78% energy eﬃciencies at 40 mA/cm2 current density
and 227 mW/cm2 power density, the highest power density
known for pH-neutral AORFBs.51 In addition, it is worth
noting that 2,2-bipyridinium recently demonstrated rather
stable cycling performance.60 Regarding the mechanism of
capacity fading through viologen dimerization, a chemical
discharge pathway was proposed to explain the inferior stability
of [MV]+• compared to that of [(NPr)2V]
3+•.50 The dimer of
[MV]+• is believed to further undergo a disproportionation
reaction to give [MV]0 and [MV]2+ (Figure 10A). [MV]0
(E1/2(MV
+/0) = −0.72 V vs NHE) is highly reductive and can
react protons to produce H2 even at pH 7, which eventually
leads to the formation of [MV]2+. The chemical discharge of
[MV]+• results in the charge imbalance between the anode
(more discharged state) and cathode (more charged state) and
thus causes the capacity decay of ﬂow batteries. In the case of
[(NPr)2V]
3+•, the dimer formation is kinetically unfavorable
because of the repulsion eﬀect of the pendant amine group. It
should be noted that less negative redox potentials of
Figure 10. Possible side reactions of the viologen compounds: (A)
proposed favorable dimerization of [MV]+• and unfavorable
dimerization of [(NPr)2V]
+• and [(SPr)2V]
−• (the red double
arrows indicate charge repulsion between the pendent ammonium
groups) and the following chemical discharge of [MV]0 species;
(B) dealkylation of MV2+ under alkaline conditions; (C) aerobic
oxidation of [MV] +• and oxidative degradation of MV2+ in the
presence of active oxygen species.
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[(NPr)2V]Cl4 may also disfavor the dimerization and H2
formation.
Viologen molecules have been broadly applied as herbicides
in agrochemistry, electrochromic materials, and redox media-
tors in electrochemical and photochemical studies. Other
studies have investigated the possible degradation chemistry of
viologens other than the dimerization chemical discharge in
the past decades before their applications in ﬂow batteries.
Nucleophilic substitution of hydroxyl anion to the pyridinium
under alkaline conditions to generate pyridine and methanol
was reported (Figure 10B),61 which excludes the use of
viologen compounds in strong alkaline ﬂow batteries. Oxygen
is another important factor that causes the decomposition of
viologen compounds. Both reductive state viologen species
([Vio]+• and [Vio]0) are highly oxygen-sensitive. The
reductive state of viologen reacts with oxygen to generate
active oxygen species [O] that will directly react with viologen
to cause the oxygenation of viologen (Figure 10C).62
Acidic AORFBs. Due to its smallest size and favorable
Grotthus conductive mechanism, the proton shows the highest
conductivity in both cation conductive membranes and water
solutions among all cations, for example, 349.6 mS/(mol·cm)
for H+ and 50.1 mS/(mol·cm) for Na+.63 Thus, with highly
conductive acidic supporting electrolytes and proton exchange
membranes, acidic AORFBs can deliver high charge/discharge
rate performance, high energy eﬃciencies, and high power
densities.
The ﬁrst application of redox-active organic molecules in
acidic AORFBs was reported by Wen et al. in 2009.64,65 This
group reported the use of 4,5-dihydroxy-1,3-benzenedisulfo-
nate (abbreviated BQDS (also called tiron, E1/2 = 0.65 V vs
SCE) and 2,5-dihydroxybenzenedisulfonate (BQS, E1/2 = 0.47
V vs SCE) as catholytes in acidic AORFBs where PbSO4 was
used as the anolyte. The reported quinone/Pb AORFB with a
cell voltage of 0.92 V was only operated at a 50 mM
concentration (1.34 Ah/L) for 100 cycles. At 10 mA/cm2,
average Coulombic and energy eﬃciencies of up to 98 and
70%, respectively, were achieved; however, the cycling stability
was unknown. Like other RFBs involving a solid electrode (Pb
anode in this case), the advantage of decoupled energy and
power is eliminated. It is worth noting that the chemical
decomposition mechanism of BQDS was presented.65 As
displayed in Figure 11A, after the two-electron and two-
proton-coupled oxidation of BQDS, in the formed charged
state, 4,5-benzoquinone-1,3-benzenedisulfonate can undergo a
Michael addition with water and result in the degraded product
3,4,5-tribenzohydroquinone-1,3-benzenedisulfonate, which is a
stable species for battery cycling. Compared to BQDS, 3,4,5-
tribenzoquinone-1,3-benzenedisulfonate has a lower reduction
potential at E1/2 = 0.48 V vs SCE. In contrast, BQS with its
more electron-rich character does not undergo the Michael
addition.
In 2014, Aziz et al. reported an organic−inorganic hybrid
acidic AORFB employing 9,10-anthraquinone-2,7-disulfonic
acid (AQDS, 25) in 1.0 M H2SO4 as an anolyte, a mixture of
0.5 M Br2 and 3 M HBr as a catholyte, and a Naﬁon 212
cation-exchange membrane as a separator.28 The AQDS/Br−
AORFB delivered a 0.85 V battery voltage. Due to the high
conductivity of the acidic system, the demonstrated AORFB
delivered an exceptional peak power density exceeding 0.6 W/
cm2.
However, when the AQDS/Br− AORFB was cycled under a
lower current density of 200 mA/cm2, the average CE was
dramatically decreased to 95%, which was mainly due to the
crossover of the charge-neutral Br2.
66 Li et al. carefully studied
the crossover behavior of bromine species in the same ﬂow
battery.67 The Br2 crossover rate was measured as 0.11 mmol
cm−2 h−1 in the absence of an electric ﬁeld and 0.3−0.4 mmol
cm−2 h−1 during battery cycling in a Naﬁon 212 membrane.
When a thicker Naﬁon 115 membrane was used to mitigate the
bromine crossover, the CE and cycling stability of AQDS/Br−
AORFB were signiﬁcantly improved.66
Figure 11. Possible side reactions of redox-active compounds in the presence of acid (A,D), bromine (B), and base (C,D).
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Aziz et al. evaluated the chemical stability of AQDS with
Br2/HBr mixtures using
1H and 13C NMR.28 Even at 100 °C
for 48 h, no chemical degradation was observed for this
discharged state. Furthermore, in a later half-cell study using
AQDS and its charged state, H2AQDS, slow capacity decay
was observed and suggested good chemical stability of both
AQDS and H2AQDS in the acidic electrolyte.
68 The half-cell
study also indicates that the reduced state, H2AQDS, has
inferior stability. However, side reactions between the crossed-
over reactive bromine and redox molecules would result in the
degradation of other anolytes. For example, the electron-
donating aryl hydroxyl groups in the anthraquinone could
activate parasitic bromination side reactions with bromine.27
As shown in Figure 11B, in the presence of bromine,
DHAQDS, compound 27, was decomposed to polybrominated
product by loss of sulfonic acid groups and addition of
bromine to the aromatic rings. Recently, Brushett et al. studied
concentration-dependent dimerization of compound 25 in the
electrolytes under high concentration and diﬀerent pH
values.69 For example, in acidic electrolytes, the redox cycle
between the semianthraquinone−anthraquinone dimer and the
hydroxyanthraquinone dimer delivered a maximum capacity of
only 1.5 M electrons (out of 2.0 M) per 1.0 M AQDS.
In 2014, Narayanan et al. independently reported all organic
quinone AORFBs using AQDS or AQS as the catholyte and
BQDS as the anolyte in sulfuric acid supporting electro-
lytes.44,70 These AQDS/BQDS and AQS/BQDS AORFBs (0.2
M) delivered low cell voltages less than 0.6 V and limited
cycling performance with a total capacity retention (0.2 M
active material and 5.4 Ah/L) of ca. 90.1% for 12 cycles. Later,
the same group71 and other groups72 made eﬀorts to develop
highly substituted quinone molecules to overcome the stability
issue of BQDS (Figure 11A). However, the battery perform-
ance of the substituted quinone catholytes is still not
satisfactory. For example, 3,6-dihydroxy-2,4-dimethylbenzene-
sulfonic acid (DHDMBS) reported by Narayanan et al. is more
stable than BQDS but only delivered 90% capacity retention
after 25 cycles with an AQDS anolyte due to the crossover
problem.71 Other substituted quinone molecules are not
chemically persistent enough.72
Alkaline AORFBs. Similar to the proton, the hydroxide anion,
under the Grotthus conductive mechanism, shows the highest
ion conductivity (198.6 mS/(mol·cm)) among all kinds of
anions63 and thus enables alkaline AORFBs to deliver good
energy eﬃciencies and power densities. Aziz et al. reported
alkaline AORFBs using 2,6-dihydroxyanthraquinone (2,6-
DHAQ, 22) as the anolyte and K4[Fe(CN)6] as the catholyte
in KOH supporting electrolyte, which has a high OCV of 1.2
V, 47% over that of the acidic AQDS/Br− AORFB.45 Under
strong basic conditions, the −OH groups of 2,6-DHAQ are
deprotonated to provide >0.6 M solubility. The demonstrated
2,6-DHAQ/K4[Fe(CN)6] AORFB delivered 84% EE at 100
mA/cm2 current density and 0.45 W/cm2 power density at
room temperature. However, the energy density of the 2,6-
DHAQ/K4[Fe(CN)6] system was limited by the low
concentration of catholyte (0.4 M solubility of K4[Fe(CN)6]
in 1 M KOH). More recent studies by Aziz et al. have
conﬁrmed the insuﬃcient stability of 2,6-DHAQ in strong
alkaline conditions.68 They conducted ingenious molecular
engineering of 2,6-DHAQ to develop two new derivatives,
4,4′-((9,10-anthraquinone-2,6-diyl)dioxy)dibutyrate (2,6-
DBEAQ, 23)47 and (((9,10-dioxo-9,10-dihydroanthracene-
2,6-diyl)bis(oxy))bis(propane-3,1-diyl))bis(phosphonic acid)
(2,6-DPPEAQ, 24).49 Paired with K4[Fe(CN)6], 2,6-DPPEAQ
delivered total capacity retention of 98.85 or 99.99964%
capacity retention per cycle under weakly alkaline conditions
(pH 9) (Figure 12A), which conﬁrms the pH impact on the
chemical stability of these anthraquinone molecules.49 It
should be noted that the reported stability was obtained by
using a hybrid galvanostatic/constant potential charge/
discharge method, which cannot be directly comparable with
those obtained from the solo galvanostatic charge/discharge
method. According to the inset ﬁgure in Figure 12A, after
removing the secondary charging process using the potential
control, the total capacity retention of the 2,6-DPPEAQ/
K4[Fe(CN)6] was about 92.8% after 400 cycles, corresponding
Figure 12. (A) Half-cell reactions and capacity and eﬃciency for the AORFB composed of 0.5 M 2,6-DPPEAQ anolyte and 0.4 M
K4[Fe(CN)6]/0.1 M K3[Fe(CN)6] catholyte at 100 mA/cm
2 current density. Inset: charge and discharge curves of selected cycles (adapted
with the permission from Wiley).75 (B) Half-cell reactions and cycling data for the AORFB composed of 1.4 M DHPS in 5 mL of 1 M NaOH
and 0.31 M K4[Fe(CN)6]/0.31 M K3[Fe(CN)6] dissolved in 45 mL of 2 M NaOH cycled at a 100 mA/cm
2 current density (adapted with the
permission from Springer Nature).76
ACS Energy Letters Review
DOI: 10.1021/acsenergylett.9b01332
ACS Energy Lett. 2019, 4, 2220−2240
2231
to 99.98196% capacity retention per cycle. As shown in Figure
11C, under strong alkaline conditions (pH = 14), a hydroxide-
mediated nucleophilic substitution reaction (SNAr or SN2)
dominates in the decomposition of both 2,6-DBEAQ and 2,6-
DPPEAQ.47 However, under less basic conditions (pH = 12),
carboxylate substituents lead to the nucleophilic decomposi-
tion of 2,6-DBEAQ, whereas no intramolecular reaction of 2,6-
DPPEAQ is observed due to the weaker nucleophilicity of the
bulky phosphonate group relative to carboxylate.49 Very
recently, several AQ derivatives including AQDS(NH4)2(29)
were also studied for pH-neutral AORFBs and displayed
promising cycling performance.73,74
A number of bioinspired phenazine molecules as another
class of anolytes have been studied in alkaline AORFBs.46,76,77
Particularly, Wei and Wang et al. developed 7,8-dihydrox-
yphenazine-2-sulfonic acid (DHPS, 21 in Figure 2) featuring a
high capacity and outstanding stability under alkaline
conditions.76 An alkaline AORFB using a near-saturated
DHPS anolyte (1.4 M in 1 M NaOH) and a K4[Fe(CN)6]/
K3[Fe(CN)6] catholyte delivered a 1.4 V voltage, up to a 67
Ah/L reversible operating capacity for DHPS with 90%
material utilization, 99.98% capacity retention per cycle, and
>75% EE for 500 charge/discharge cycles at 100 mA/cm2
(Figure 12B). It is worth noting that computational and NMR
studies revealed that the asymmetric molecular structure of
DHPS is beneﬁcial for its high solubility.
It should be noted that cathode materials suitable for
alkaline AORFBs are very rare. Ferrocyanide ([Fe(CN)6]
4−) is
the most common catholyte used in the reported alkaline
AORFBs. The chemical degradation of the ferri/ferrocyanide
not only induces battery capacity fading but also is potentially
hazardous.78 The decomposition of the ferri/ferrocyanide
anion under acidic conditions to generate extremely toxic
HCN is well-known (Figure 11D).79 Liu et al. evaluated the
cycling stability of the ferri/ferrocyanide redox couple under
diﬀerent pH values using a half-cell ﬂow battery conﬁg-
uration.78 The battery results unambiguously conﬁrmed that
the ferri/ferrocyanide redox couple functions best at pH-
neutral or near-neutral conditions with very stable capacity
retention observed. However, under strong alkaline conditions
(pH = 14), chemical decomposition of ferri/ferrocyanide was
observed because of the ligand dissociation of the toxic CN−
(Figure 11D). In most of the previously reported strong
alkaline AORFBs, an additional portion of ferricyanide in the
ferri/ferrocyanide mixture catholyte was used to mask the
battery capacity fading caused by the chemical degrada-
tion.45−48,76 In addition, the poor solubility of K+ and Na+ salts
of ferri/ferrocyanide-based electrolytes limited the energy
density of the RFBs. As mentioned above, ammonium ferri/
ferrocyanide as catholytes can achieve an eﬀective charge
capacity up to 42.89 Ah/L, more than twice that of the K+ and
Na+ salts.17
Chemistries of Nonaqueous Organic Redox Flow Batteries
(NAORFBs). Aqueous electrolytes are limited by the narrow
electrochemical window of water splitting, which is 1.23 V in
terms of thermodynamics and can be extended up to 2.0 V
considering kinetic barriers of the hydrogen evolution reaction
(HER) and oxygen evolution reaction (OER) on carbon
electrodes. Thus, the battery voltages of AORFBs are not more
than 2.0 V. In fact, the highest battery voltage reported up to
now is 1.74 V for a viologen/TEMPO AORFB.26 In contrast,
the nonaqueous system using organic solvents could enable a
much wider potential range (up to 4.0 V). Meanwhile, besides
more choices of solvents, more redox-active organic molecules
including those with a redox potential more negative than HER
or more positive than OER can be used in organic solutions
and allow more ﬂexible battery designs. Because of these
potential advantages, many eﬀorts have been devoted to the
development of redox-active molecules for nonaqueous ORFBs
(NAORFBs). Up to now, many more organic compounds have
been applied in NOARFBs than in AORFBs. Organic and
organometallic compounds for NAORFBs include metallocene
(both anolyte and catholyte),20,81−84 quinone (both anolyte
and catholyte),43,85−88 dialkoxybenzene (catholyte),22,80,89−93
TEMPO (catholyte) and nitroxide radicals,94−100 viologen
(both anolyte and catholyte),24,101,102 4-benzoylpyridinium
(anolyte),29,103 benzothiadiazole (anolyte),92 N-methylphtha-
limide (anolyte),91 cyclopropenium (catholyte),37,104 9-ﬂuo-
renone (FL, anolyte),80 boron-dipyrromethene (bipolar),105
phenothiazine (catholyte),18 benzophenone (anolyte),106
quinoxaline (anolyte),89 and perylene diimide (anolyte).107
Other organometallic and coordination complexes were also
reported as possible candidate electrolytes for NAORFBs.
However, the development of NAORFBs is still in the infancy
stage and lags much behind that of AORFBs. There are several
major challenges associated with NAORFBs, including the lack
of selective ion-exchange membranes in organic solutions, low
conductivities of organic electrolytes, and safety concerns of
ﬂammable organic solvents. On the one hand, highly energetic
free radicals (the charged state for both the anolyte and
catholyte) are not chemically persistent and conceivably
impact the cycling performance of NAORFBs. On the other
hand, organic solvents and organic supporting electrolytes such
as LiTFS and Bn4NPF6 can also undergo side reactions to
endanger the battery cycling performance.108 It is obvious that
ﬂow battery chemistry in organic electrolytes is much more
complicated than that in aqueous electrolytes. It is impossible
to discuss all reported NAORFB chemistries in this short
Review. We rather discuss representative examples with a focus
on the fundamental understanding of physicochemical proper-
ties of organic molecules.
All-Organic NAORFBs. All-organic NAORFBs employ redox-
active organic compounds in organic solvents as anolytes and
catholytes. NaClO4, LiTFSI, LiPF6, TEATFSI (TEA =
tetraethylammonium cation), and TBAPF6 (TBA = tetrabuty-
lammonium cation) with high solubility in organic solvents are
normally used as supporting electrolytes. Typical organic
solvents with wide stable electrochemical windows are used in
NAORFBs, including carbonates, DMSO, CH3CN, and DME.
RFBs in organic solvents were ﬁrst reported using Ru
trisbipyridine coordination compounds by Matsuda et al.109
and later using other metal-based coordination compounds by
Thompson, Byon, and others.110−115 The ﬁrst demonstration
of all-organic NOARFBs was reported using a TEMPO
catholyte and an N-methylphthalimide anolyte in a 1.0 M
NaClO4 in CH3CN supporting electrolyte.
116 The TEMPO/
N-methylphthalimide NAORFB has a cell voltage of 1.6 V. A
0.1 M ﬂow battery using a Nepem-117 cation-exchange
membrane demonstrated modest cycling performance for 20
cycles with a CE of 90%, suggesting the crossover of active
materials. No other battery data and postcell spectroscopic
studies were reported.
Wei et al. systemically studied the radical compatibility of
the 2,5-ditert-butyl-1-methoxy-4-[2′-methoxyethoxy]benzene
(DBMMB) and FL through electron spin resonance (ESR)
measurements.80 They compared the lifetime of both
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DBMMB•+ and FL•− radical ions in diﬀerent solvents and
supporting electrolytes (Figure 13A,B). DBMMBC•+ showed
good stability in all of the tested media except the TEABF4
supporting electrolyte. However, the FL•− radical stability was
sensitive to both solvents and supporting electrolytes. For
example, the FL•− radical showed a lower stability in the
presence of MeCN solvent, Li+ cation, and BF4
− anion than
other tested conditions. In the optimized TEA-TFSI/DME
supporting electrolyte, both DBMMB•+ and FL•− displayed
the highest stability. Using a Daramic microporous membrane
as a separator, a 0.1 M FL/DBMMB all-organic NAORFB was
operated under >10 mA/cm2 current density for 50 cycles with
>70% EE and 99.8% capacity retention per cycle (Figure 13C).
It should be noted that to minimize crossover through the
porous separator a mixture of FL and DBMMB was used as
both the catholyte and anolyte, which is commonly used in
other NAORFBs. As shown in Figure 14A(i), the side reaction
between the FL•− radical and MeCN solvent could be either a
nucleophilic addition reaction at the cyano C atom, proton
extraction, or hydrogen atom absorption at the methyl group
of MeCN. The radical coupling dimerization catalyzed by the
Li+ cation is also a possible degradation pathway (Figure
14A(ii)). Previous studies reported the decomposition of the
BF4
− anion in the presence of other anions, cations, and
H2O.
108 It was proposed that BF4
− may cause the fast fading of
DBMMBC•+ and FL•− radicals (Figure 14B). Another example
of organic radical compatibility in NAORFBs reported by Wei
et al. is shown in Figure 14C.91 The side reactions between the
MePh•− radical anion and solvents including acetonitrile
(MeCN), propylene carbonate (PC), cyclopropenium, or
tetraethylammonium tetraﬂuoroborate (TEABF4) led to
substantial capacity fading of the MePh/DBMMB battery.
Sanford et al. have also made eﬀorts to develop high-
performance organic redox molecules with low molecular
weight and high stability by understanding their stabilities
under diﬀerent oxidation states. For example, they reported
that steric hindrance enables improved radical stability of the
acylpyridinium compound (10) than less substituted deriva-
tives (Figure 15).25 They also reported that the Lewis acidity
of cations of supporting electrolyte salts can impact the
stability of acylpyridinium derivatives.29 Speciﬁcally, they
found that the radical state of acylpyridinium is more
Figure 13. ESR-measured radical fading in various supporting electrolytes: (A) positive side (DBMMB•+) and (B) negative side (FL•−). (C)
Eﬀects of diﬀerent solvents and salts on charge capacity retention of ﬂow cells using 0.1 M FL/0.1 M DBMMB/1.0 M salt at 10 mA cm2
(adapted with the permission from Wiley).80
Figure 14. Possible degradation mechanisms of the (A) FL•− radical anion (adapted with the permission from Wiley),80 (B) BF4
− anion, and
(C) MePh•− radical anion (adapted with permission from the American Chemical Society).91
Figure 15. (A) X-ray structures of compounds 10+ and 10. (B)
Quadrant diagram of the radical half-life as a function of the redox
potential (adapted with the permission from the American
Chemical Society).25
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compatible with KPF6 than LiPF6 and NaPF6 as K
+ with its
lower Lewis acidity will not induce Lewis acid/base
degradation occurring with Li+ and Na+.
To avoid the crossover of active materials, two other
strategies have been developed. Extended from the use of
mixed electrolytes, bipolar redox-active molecules have been
developed for NAORFBs. Wei et al. reported a nitroxyl
compound, 2-phenyl-4,4,5,5-tetramethylimidazoline-1-oxyl-3-
oxide (PTIO), with two redox couples at −1.26 V (vs AgCl/
Ag) for the anode side and at 0.46 V for the cathode side.99
However, both 0.1 and 0.5 M PITO NAORFBs at 20 mA/cm2
delivered poor cycling stability with nearly 50% capacity loss
within 35 cycles. Other bipolar molecules consisting of two
distinct redox moieties were also reported by Schubert et al.117
and other groups.118 However, their battery performance is not
satisfactory, with poor stability within limited cycling numbers
even at low concentrations of active molecules less than 0.3 M.
Another approach is called size exclusion, where larger size
molecules, including oligomers and polymers, are designed to
prevent their crossover through a porous separator.36,39,101,119
For example, Rodríguez-Loṕez et al. reported viologen- and
ferrocene-containing polymers exhibited low permeabilities
with Celgard separators.101,119 Helms and Sanford groups
employed nanoporpous PIM separators to achieve low
crossover with designed pyridinium and cyclopropenium
oligomers (Figure 4).36,37 However, redox-active oligomers
and polymers using the size exclusion principle are yet to be
demonstrated for reliable battery performance.
Organic−Metal NAORFBs. Organic−metal NAORFBs are
semiﬂow batteries that, typically, employ electrochemically
active metals (such as Li, and Al) as static anodes and soluble
organic molecules as ﬂowable catholytes. Because of highly
energy dense metal anodes and their low redox potential, the
organic−metal NAORFBs can achieve high voltages and
energy densities.
Wang et al. reported the ﬁrst organic−metal NAORFB using
an anthraquinone catholyte and a Li anode.85 They designed
1,5-bis(2-(2-(2-methoxyethoxy)ethoxy)ethoxy)anthracene-
9,10-dione (15D3GAQ) with two redox waves at 2.25 and 2.53
V vs Li, which contains two glyme substituents to achieve good
organic solubility up to 0.25 M in a 1.0 M LiPF6/PC
electrolyte. A 0.25 M 15D3GAQ-Li NAORFB with a cell
voltage of 2.39 V and a high energy density of 25 Wh/L was
demonstrated for only nine cycles. Subsequently, other organic
and organometallic compounds were studied in organic−Li
NAORFBs. Particularly, ferrocene molecules have received
intensive studies in Li metal NAORFBs. Yu et al. investigated
ferrocene as a catholyte with a Li metal anode in a static
battery conﬁguration, which delivered reliable battery perform-
ance.82 In order to overcome the solubility limitation of
ferrocene and achieve high energy densities, Wang et al.
developed a highly soluble ionic ferrocene compound, Fc1N112-
TFSI (compound 1) using a molecular engineering strategy.20
Using a carefully formulated supporting electrolyte to form a
stable SEI and a hybrid Li−graphite anode to suppress Li
dendrite formation, a 3.5 V Li/Fc1N112-TFSI ﬂow cell with 0.8
Figure 16. (A) Conﬁguration of a TiO2/LiFePO4 RT-FB; (B) CV curves of organic mediators and solid electrode materials in the TiO2/
LiFePO4 RT-NAORFB (adapted with the permission from AAAS);
121 (C) CV curves of the FcIL mediator and the solid electrode material
(LFP) with and without FcIL; and (D) charge/discharge curves of the Li/LiFePO4 RT-FB and the battery conﬁguration (adapted with the
permission from Elsevier).122
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M compound 1 was successfully demonstrated for 18 cycles
under a 1.5 mA/cm2 current density with an EE of 76%.
To improve the energy density of organic−Li NAORFBs,
ideally, one should maximize redox-active components and
minimize redox-inactive components such as solvents.
Recently, several groups including Lu et al., Hase et al., and
Zhang et al. developed low-melting-point liquid Fc derivative
(DMFc, compound 2),81 TEMPO derivative (MT),96 and
dialkoxybenzene derivatives (e.g., ANL-9, compound 7)22 as
cathode materials that can partly or totally replace the redox-
inactive solvent. Under high concentrations of redox
compounds, the capacity of electrolytes was controlled by
the solubility of supporting electrolytes. It is still challenging to
achieve good cycling stability for the Li semiﬂow batteries.
While no in-depth mechanistic study was reported, it is
believed that, in addition to the chemical stability of organic
catholytes, the high reactivity, SEI formation, and dendrite
formation of Li metal present major challenges.120
Redox-Targeting NAORFBs (RT-NAORFBs). Wang et al.
proposed the concept of redox-targeting FBs that employing
the so-called “redox-targeting reactions” to overcome the
solubility limitation of redox-active materials.123 In redox-
targeting RFBs (Figure 16A), traditional solid-state Li+ ion
storage materials, such as LiFePO4 and LiTiO2, are employed
as energy storage materials, and diluted solutions of redox-
active molecules are used as redox mediators to catalyze the
charge/discharge of the solid electrode materials. The redox
potential of a Li+ ion storage material needs to be sandwiched
between those of two mixed mediators124,125 or ideally
overlapped with that of a single mediator.122 The mediator
solutions are pumped through the battery chamber, and the
redox reactions happen within the ﬂow cell. When the
electrolytes ﬂow back to the tanks, the reduced or oxidized
mediators react with the solid energy storage materials and
result in their charge/discharge. Then, the energy density of
the battery system is independent of the solubility of redox-
active materials. Due to the high charge densities and stability
of Li+ ion storage materials, the redox-targeting RFBs can
achieve superior energy density and stable cycling perform-
ance.
As shown in Figure 16A,B, in a TiO2/LiFePO4 RT-
NAORFB, the anode material TiO2 (∼1.55 V, vs Li/Li+)
was mediated by the mixture of cobaltocene (CoCp2, 1.90 V)
and decamethylcobaltocene (CoCp*2, 1.36 V).
124 Speciﬁcally,
during the charge process, [CoCp*2]
+ is ﬁrst reduced in the
cell, and then, the reduced state, CoCp*2, ﬂows into the TiO2
anode reservoir to reduce TiO2. The regenerated [CoCp*2]
+
will ﬂow back to the cell chamber and be reduced until TiO2 is
fully charged. During the discharge process, the redox couple
of [CoCp2]
+/0 will be cycled to oxidize the charged TiO2. In a
similar manner, the change/discharge of the LiFePO4 (∼3.45
V) cathode was mediated by Fc (3.25 V) and 1,1′-
dibromoferrocene (FcBr2, 3.55 V). The demonstrated battery
delivered a ∼1.25 V average discharge voltage and ∼238 Wh/L
energy density under a 0.075 mA/cm2 operating current
density. However, due to the redox potential diﬀerences in
each set of organic mediators and Li+ ion storage materials,
there was a 1.05 V voltage loss of the theoretical voltage of the
TiO2/LiFePO4 RT-NAORFB. To avoid the voltage loss of the
RT-NAORFBs, Wang et al. recently developed an imidazo-
lium-functionalized ferrocene ionic liquid (FcIL) with an
identical redox potential to the solid electrode material and
applied it as a single redox mediator to catalyze the charge/
discharge of LiFePO4(Figure 16C).
122 With the driving force
of the Nernstian potential diﬀerence induced by activity
changes of the redox molecules upon charging and discharging,
LiFePO4 was reversibly delithiated and lithiated under near-
unity utilization. As a result, the Li/LiFePO4 RT-NAORFB
delivered 95% VE and a 330 Wh/L energy density (Figure
16D). The redox-targeting RFB concept was recently further
introduced into Li−S and Li−O2 battery systems and aqueous
systems.126,127
Summary and Outlook. Currently, the electrochemical
performance of AORFBs holds promise for practical energy
storage applications. As discussed above, acidic and alkaline
AORFBs have delivered better current performance, energy
eﬃciencies, and power densities than the pH-neutral AORFBs;
however, the redox-active materials in the acidic and alkaline
AORFBs are subject to stability problems. Besides the acid/
base induced redox-active material degradation, HER and OER
can easily take place under strong acidic and basic conditions,
respectively. These side reactions would lead to the imbalance
of charge between the anolyte and catholyte and manifest
irreversible CE loss and capacity decay. In terms of battery
performance and system cost, pH-neutral AORFBs are highly
promising for large-scale EES. Weakly alkaline AORFBs can
also be promising if suitable catholytes can be developed in the
future. It is worth noting that a number of AORFBs and also
AIRFBs have been integrated with solar cells for direct solar
energy harvesting and storage.128−134
NAORFBs can achieve high battery voltages; however, they
are still in the early stage of development, with several major
challenges. First, due to the chemical degradation and
crossover of redox molecules, the cycling performance of
NAORFBs is much worse than that of AORFBs. Even some
redox-active materials displayed high solubility; however, only
low concentrations were showcased in battery demonstration.
High-energy-density NAORFB systems with good cycling
stability still remain to be developed. Thus, mechanistic
understandings of chemical degradation of redox-active
molecules and other components are critical to develop robust
NAORFB electrolytes. Second, because of low conductivities
and high viscosities of nonaqueous electrolytes, achieving high
current and power densities in NAORFBs is challenging. We
believe that NAORFBs are more suitable for long-term (days
to weeks) energy storage where high current and high power
performance are not demanded. Third, to minimize redox
material crossover, using redox-active polymers or oligomers as
electrolyte materials and developing highly selective ion-
conductive membranes are promising solutions.
To further develop ORFBs and make them practical, there
are several pieces of advice regarding the future directions of
ORFBs. First, robust redox molecules and electrolytes are
demanded for high-performance ORFBs. The ideal redox
molecules for ORFB application should have high solubility
(increasing capacity and energy density), highly positive or
negative redox potentials (increasing voltage, energy density,
and power density), fast kinetics (increasing voltage and power
density), high stability (increasing cycling lifetime), and low
cost. These properties aﬀect the performance of batteries in all
aspects (Figure 1B). High-throughput DFT computation,
physical organic studies, and molecular engineering are
eﬀective strategies for molecular designs. In term of redox-
active electrolytes, the ideal ones should be highly conductive,
be less viscous, be noncorrosive, be nonﬂammable, have low
toxicity, and be inexpensive. Future studies need comprehen-
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sive consideration of the physical and chemical properties of
both redox-active molecules and electrolytes to achieve high
energy densities, high power densities, and high stability for
ORFBs.
Second, in-depth understandings of the solution chemistry
and electrochemistry of redox-active molecules and their
electrolytes are necessary. As discussed above, it will provide
useful information to guide further optimization of ﬂow battery
systems and feedback for improved molecular designs. Half-cell
RFB tests are a direct and eﬃcient method to evaluate the
stability of a single redox molecule.68,78 Because both sides of
the battery use the same redox couple, the capacity fading can
be enlarged. The postcycling analysis can be used to detect
capacity fading mechanisms. Except for these experimental
methods, DFT computation is also a powerful tool for
exploring the physicochemical information on redox-active
molecules.
Moreover, highly selective ion-conductive membranes are
urgently needed by RFBs, especially for nonaqueous systems.
Actually, the active material crossover is one of the most
important reasons for the capacity decay of NAORFBs. It is
clear that the lack of selective ion-conductive membranes has
become a bottleneck for the development of NAORFBs.
Meanwhile, the design of ﬂow cells also needs to be improved.
There are several battery designs reported; however, no
parallel comparison has been made for how electrode designs
aﬀect the EE and power density. Strictly speaking, directly
comparing the battery performance data, especially the rate
performance, energy eﬃciencies, and power densities delivered
by diﬀerent battery designs, is not reliable.
Compared to inorganic redox materials, the organic redox
materials have a number of technological merits, including
unlimited candidates in terms of the unlimited design space of
organic molecules, highly tunable structure and properties,
deep mechanistic studies, and potentially low prices and
sustainability. It should be noted that, from a perspective of
material cost, we also encourage the R&D of low-cost redox-
active inorganic materials (e.g., FeCl2 and ZnBr2) for RFB
practices. During the past decade, signiﬁcant progress was
made for the development of ORFBs in both aqueous and
nonaqueous systems. ORFBs are still in the early stage of
technological development and need more R&D eﬀorts and
investments for industrial acceptance and broad implementa-
tion for energy storage.
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Moore, J. S.; Rodríguez-Loṕez, J.; Sanford, M. S. Evolutionary Design
of Low Molecular Weight Organic Anolyte Materials for Applications
in Nonaqueous Redox Flow Batteries. J. Am. Chem. Soc. 2015, 137
(45), 14465−14472.
(26) DeBruler, C.; Hu, B.; Moss, J.; Liu, X.; Luo, J.; Sun, Y.; Liu, T.
L. Designer Two-Electron Storage Viologen Anolyte Materials for
Neutral Aqueous Organic Redox Flow Batteries. Chem. 2017, 3, 961−
978.
(27) Gerhardt, M. R.; Tong, L.; Goḿez-Bombarelli, R.; Chen, Q.;
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